All entry of soluble molecules into the nucleus occurs via the nuclear pore complex, which contains aqueous channels approximately 9 nm in diameter. Ions and some small proteins of 20-60 kDa can passively diffuse through the pore, while most proteins must be actively Kimberly R. Thompson ␣ isoform that we identified in Aplysia. plasticity indicates that signals generated at the synWhile the classical active nuclear import pathway has apse must be transported to the nucleus. We have been well characterized in nonneuronal cells, little is investigated whether the classical active nuclear imknown about its function in neurons. Earlier studies port pathway mediates intracellular retrograde signal demonstrated that rhodaminated human serum albumin transport in Aplysia sensory neurons and rodent hipmicroinjected into growth cones of cultured Aplysia neupocampal neurons. We found that importins localize rons was transported to the cell nucleus when the albuto distal neuronal processes, including synaptic commin was coupled to an NLS but remained in the growth partments, where they are well positioned to mediate cone in the absence of an NLS, indicating that the active synapse to nucleus signaling. In Aplysia, stimuli known nuclear import machinery was present in the growth to produce long-lasting but not short-lasting facilitacone of Aplysia neurons and that it could function to tion triggered importin nuclear translocation. crush injury, and that the active nuclear import pathway functions in signaling from injured axons to initiate tranIntroduction scription-dependent regeneration. In this study, we examine the role of the classical Long-lasting forms of learning-related synaptic plasticactive nuclear import pathway in transporting signals ity require new transcription (Alberini, 1999), indicating from the cytoplasm into the nucleus using two experithat signals generated at the synapse must be transmental models that undergo learning-related synaptic ported to the nucleus, where they are converted into strength changes: Aplysia sensory-motor neurons and changes in gene expression. Little is known about the rodent hippocampal neurons. The sensory and motor cellular mechanisms that target and transport synaptineurons that underlie sensitization and classical condically activated second messengers and transcription tioning of the gill withdrawal reflex in Aplysia form monofactors to the nucleus. The extreme polarity of neurons synaptic connections in culture, and these synapses presents a special set of challenges for intracellular sigundergo both short-and long-lasting strengthening or nal transduction, because the distance between the synfacilitation in response to electrical and pharmacological apse and nucleus can be extremely large. Thus, a signal stimuli (Pittenger and Kandel, 2003). Long-term facilitafrom a distal synapse must first travel the length of the tion (LTF) of cultured Aplysia sensory-motor synapses axon or dendrite and then through the somatic cytois elicited by application of five spaced pulses of the plasm to reach the nuclear envelope. modulatory neurotransmitter serotonin (5-HT), which leads to a transcription-dependent, persistent increase in synaptic strength (Montarolo et al., 1986 ). Localized *Correspondence: kcmartin@mednet.ucla.edu 7 These authors contributed equally to this work.
importin ␣4 (75% identity), and Drosophila importin ␣3 (69% identity), and lesser amounts of homology with mouse importin ␣1, ␣2, and ␣5 (see Supplemental Figure  S2A at http://www.neuron.org/cgi/content/full/44/6/ 997/DC1/). We named this clone Aplysia importin ␣3, or ApImp␣3 (GenBank accession number AY536211). In situ hybridization of cultured Aplysia sensory-motor neurons indicated that ApImp␣3 mRNA was present in the cell soma of both sensory and motor neurons (see Supplemental Figure S2B ).
ApImp␣3 Is Present in Distal Neurites of Cultured Aplysia Neurons
To examine the localization of importin ␣ protein in Aplysia neurons, we generated a rabbit polyclonal antibody against an N-terminal 300 amino acid fusion protein of ApImp␣3. The antibody recognized a single 57 kDa band by immunoblotting, which was present both in homogenates of CNS and in synaptosome fractions ( Figure 2E ). Immunocytochemical studies indicated that ApImp␣3 was present in the cell body of both sensory and motor neurons, primarily in the cytoplasm with a distinct accumulation at the nuclear membrane, and that immunoreactivity extended into distal neurites (Figures 2A-2D) .
To examine the localization of ApImp␣3 in live sensory neurons, we expressed ApImp␣3-GFP constructs in cultured sensory neurons. As shown in Figure 2J , ApImp␣3-GFP was present in the cell body of cultured neurons, where accumulation at the nuclear envelope could be visualized by taking optical sections through the cell body. Importantly, ApImp␣3-GFP also localized to distal processes and was present at varicosities, sites of synaptic contact with the motor neuron. This was clearly visualized by fixing and staining ApImp␣3-GFP express- changes in synaptic strength can modulate the activity of the nuclear import pathway, we expressed ApImp␣3-GFP in sensory cells synaptically connected to motor Identification of Aplysia Importin ␣ To further study the active nuclear import pathway in neurons and imaged optical sections through the sensory cell upon application of forskolin (50 M). By inAplysia, we cloned Aplysia importin ␣. We did this using degenerate PCR, designing primers for regions concreasing intracellular cAMP concentrations, forskolin is capable of producing transcription-dependent forms of served among species and between different importin ␣ isoforms. A 783 base pair fragment was amplified and long-term synaptic plasticity with only a single relatively brief (30 min) application (Martin et al., 1997b ; Schacher used to probe a cDNA library prepared from Aplysia sensory clusters. We isolated a 1.8 kb cDNA encoding et al., 1993). As shown in Figure 3A , a single application of forskolin induced translocation of ApImp␣3 into the a 515 amino acid long protein sharing highest levels of homology with mouse importin ␣3 (76% identity), mouse nucleus. The amount of ApImp␣3 in the nucleus in- creased by 5 min (13% Ϯ 3% increase over 0 min) and Importins Are Present in Distal Synapses of Rodent Hippocampal Neurons continued to increase to reach a peak at 30 min (50% Ϯ 9%). In control experiments, we incubated ApImp␣3-Since long-lasting forms of synaptic plasticity at rodent hippocampal synapses have also been shown to require GFP-expressing cells with vehicle (DMSO). Although a small, significant increase in nuclear ApImp␣3 was obnew gene transcription, we asked whether importin nuclear transport carriers are appropriately localized to served 5 min following DMSO application (10% Ϯ 3%), there was no further significant increase with time, and carry signals from the distal processes of mouse hippocampal neurons. Using specific antibodies against two the increase observed with forskolin was significantly higher at all time points following 5 min. In a second set endogenous mouse importin isoforms, importin ␣1 and importin ␣2 (for demonstration of antibody specificity, of control experiments, we found that forskolin application did not alter the localization of GFP alone expressed see Supplemental Figure S3 at http://www.neuron.org/ cgi/content/full/44/6/997/DC1/), we found that both nuin sensory neurons (data not shown).
We also examined the ability of 5-HT to stimulate clear transport carriers were present in cultured hippocampal neurons ( Figure 4A ). They were localized in the nuclear translocation of ApImp␣3-GFP. As shown in Figure 3B , although a single 5 min application of 10 M cell soma, with a characteristic accumulation at the nuclear envelope, as well as in the nucleus with accumula-5-HT, which is sufficient to produce short-term facilitation but not LTF, did not stimulate ApImp␣3-GFP nuclear tion around nucleoli. Importins were also present in distal dendrites that colabeled with the somatodendritic translocation, five spaced 5 min pulses of 5-HT, capable of producing LTF, induced a robust increase in the intenmarker MAP2 ( Figure 4B ). Some importin ␣ immunoreactivity was detected in MAP2-negative processes that sity of ApImp␣3-GFP in the nucleus. The increase in nuclear ApImp␣3-GFP became significant after four colabeled with the axonal marker tau (arrows in Figure  4B and data not shown). In addition to diffuse staining pulses of 5-HT (30% Ϯ 8%) and continued to increase with five pulses of 5-HT (52% Ϯ 9%). Together, these throughout the cytoplasm, we observed dendritic importin immunoreactivity that appeared to colocalize with results indicate that stimuli that produce long-lasting, transcription-dependent facilitation of sensory-motor the postsynaptic marker PSD 95 ( Figure 4C ). These immunostaining data revealed that importins are localized synapses activate the classical nuclear import pathway. in distal processes where they could function to carry apse. Immunostaining of cultured hippocampal neurons with specific importin ␤1 antibodies indicated that imsignals over long distances and further suggested that importins may be present at synaptic sites.
portin ␤1 was present predominantly in the cell soma, with strong staining around the nuclear membrane. AlTo determine whether importin transport carriers are present at the synapse, we asked if importin ␣1 and ␣2 though importin ␤1 immunoreactivity was present in distal dendrites and axons, the expression was much lower could be detected in synaptosome and postsynaptic density (PSD) fractions prepared from adult rat forethan that for importin ␣ (Figures 4A and 4B ). Immunoblotting of PSD and synaptosome fractions from rat forebrain. As shown in Figure 4D , both transport carriers were present, although not enriched, in synaptosome brain indicated that, although importin ␤1 was present in synaptic compartments, little, if any, associated with and PSD fractions. Interestingly, importin ␣2 was present as a doublet in PSD fractions, suggesting that it the PSD ( Figure 4D ). The difference in importin ␣ and ␤ localization suggests that, while importin ␣ may bind might be posttranslationally modified when associated with the PSD. Together with our immunostaining find-NLS-containing cargoes at the synapse, it may complex with importin ␤1 predominantly in the cell soma. ings, these results localize importin ␣1 and ␣2 nuclear transport carriers to synaptic regions, in association with the PSD where they are well positioned to play a Activity-Dependent Nuclear Localization of Importin ␣1, ␣2, and ␤1 role in synapse to nucleus signaling.
In the classical active nuclear import pathway, imin Cultured Hippocampal Neurons Cultured hippocampal neurons have high levels of sponportin ␣ binds NLS-containing cargoes and also associates with importin ␤1, which mediates translocation taneous neurotransmitter release and action potential firing due to the formation of recurrent connections unthrough the nuclear pore. We therefore sought to determine whether importin ␤1 was also present at the synder culture conditions. We asked whether basal activity had any effect on importin localization by incubating cultures with the sodium channel blocker tetrodotoxin (TTX) to prevent neurons from generating action potentials. As shown in Figure 5 , basal cultures contained significantly more importin ␣1, ␣2, and ␤1 in the nucleus than TTX-silenced cultures (nuclear pixel intensity of ␣1, ␣2, ␤1 for basal cells was 109 Ϯ 6, 104 Ϯ 8, 93 Ϯ 4, respectively; for TTX-silenced cells, 53 Ϯ 2, 68 Ϯ 3, 56 Ϯ 2). A similar reduction in nuclearly localized importin ␣1, ␣2, and ␤1 was also detected when the postsynaptic response to action potentials was blocked using selective NMDA and AMPA glutamate receptor antagonists (59 Ϯ 3, 71 Ϯ 4, 62 Ϯ 3). Consistent with importins playing a role in signaling to the nucleus, these findings indicate that endogenous activity in culture is sufficient to recruit the classical active nuclear import pathway and further suggest that nuclear import is regulated by neuronal activity.
NMDA Receptor Activation, Not Depolarization, Triggers Nuclear Translocation of Importin ␣1, ␣2, and ␤1 Next, we sought to determine the specific trigger for translocation by investigating importin localization under conditions in which the effect of depolarization was isolated from the effect of glutamate receptor activation. Toward this end, hippocampal cultures were pretreated with either TTX or glutamate receptor antagonists in order to produce a stable and low baseline of nuclearly localized importin. Cultures were then either depolarized with 90 mM KCl for 5 min in the presence of APV and NBQX or stimulated for 5 min with 40 M glutamate in the presence of TTX. To allow time for importin translocation, cultures were fixed at 30 min and immunostained to reveal changes in nuclear importin localization as a result of treatment. As shown in Figure 6 , KCl depolarization had no effect on the amount of importin ␣1, ␣2, or ␤1 in the nucleus (mean nuclear intensity of ␣1, ␣2, ␤1 for KCl-depolarized cultures was 71 Ϯ 3, 75 Ϯ 3, 42 Ϯ 1, respectively, compared to 55 Ϯ 2, 64 Ϯ 3, 61 Ϯ 3 for TTX-silenced cultures). In contrast, activation of glutamate receptors significantly increased the nuclear immunoreactivity of the importin transport carriers ␣1, ␣2, and ␤1 (mean nuclear intensity of ␣1, ␣2, ␤1 was 111 Ϯ 7, 109 Ϯ 4, 102 Ϯ 7, respectively). Identical results were obtained with neurons cultured from rat hippocampus (data not shown). Nuclear translocation in response to glutamate was completely blocked in the presence of was insufficient to block glutamate-induced nuclear imimportin-GFP localization, we used confocal microscopy to image an optical section through the nucleus port (Supplemental Figure S4 at http://www.neuron.org/ cgi/content/full/44/6/997/DC1/). We also found that gluat 0, 10, 20, and 30 min after stimulus application. As shown in Figure 7B , glutamate caused translocation tamate-induced nuclear import was not prevented by transcriptional inhibition with actinomycin D (data not from the somatic cytoplasm into the nucleus that reached significance by 30 min (nuclear intensity was shown). These findings indicate that importin ␣ and ␤ nuclear translocation plays a role in the early signaling 122% Ϯ 20% of cytoplasm as compared to 60% Ϯ 2% before glutamate stimulation). In a control experiment, events initiated by NMDA receptor activation.
To examine whether importins translocate from distal we expressed GFP alone and found that it did not translocate with stimulation (data not shown). KCl-mediated sites into the nucleus, we quantified the amount of dendritic importin immunoreactivity 50 m from the cell depolarization in the presence of NMDA and AMPA receptor blockers failed to induce a significant net movebody of glutamate-treated neurons as shown in Figure  6B . The increase in importin immunoreactivity in the ment of importin ␣2 at any of the time points tested, confirming that neuronal depolarization in the absence nucleus was accompanied by a significant reduction of immunoreactivity in the dendrite (mean dendritic pixel of ionotropic glutamatergic activity is insufficient to trigger importin ␣2 nuclear translocation. The increase of intensity of ␣1, ␣2, ␤1 for TTX-silenced cells was 27 Ϯ 1, 42 Ϯ 2, 17 Ϯ 1, respectively, compared to 15 Ϯ 1, importin ␣2-GFP in the nucleus was accompanied by an apparent decrease in the cytoplasm, as shown in 28 Ϯ 1, 11 Ϯ 1 for glutamate-treated). These results are consistent with importins transporting signals from Figure 7A . Together with the immunocytochemical experiments described above, these results indicate that distal synapses into the nucleus. importin ␣ nuclear translocation is actively regulated by glutamatergic stimulation of hippocampal neurons. Importin ␣2-GFP Expressed in Live Cultured Hippocampal Neurons Translocates from the Cytoplasm into the Nucleus LTP-Inducing Stimuli Trigger Importin ␣1, ␣2, and ␤1 Nuclear Translocation in the CA1 with Glutamatergic Stimulation To examine nuclear translocation of importin ␣ in live Region of Hippocampal Slices Since we found that glutamate-induced importin nuclear cells, we transfected hippocampal neurons with GFPtagged importin ␣2 and detected expression in the cell translocation relies on NMDA receptor activation, we reasoned that the active nuclear import pathway might body and distal dendrites and axons, similar to that of endogenous importin ␣ (Figure 7A) . To monitor the effect play an important role in signaling to the nucleus during NMDA receptor-dependent LTP of hippocampal synof depolarization and glutamate receptor activation on this pathway plays a role in transporting synaptically generated signals into the nucleus during transcriptiondependent forms of plasticity. We found that importin known to be involved in transcription-dependent forms of learning-related plasticity. Five pulses of 5-HT, which nuclear transport carriers localize to distal Aplysia and hippocampal neuronal processes including synaptic produce transcription-dependent LTF of Aplysia sensorymotor synapses, triggered nuclear import of ApImp␣3-compartments, where they are well positioned to transport synaptic signals to the nucleus. We further showed, GFP, while one pulse of 5-HT, capable only of producing transcription-independent, short-term facilitation, did in both models, that importins translocated to the nucleus in response to stimuli known to produce transcripnot. Similarly, forskolin, which activates adenylate cyclase and thereby also produces LTF, promoted nuclear tion-dependent changes in synaptic strength. Together with our data showing that the active nuclear import import of ApImp␣3-GFP in Aplysia sensory neurons. In hippocampal neurons, glutamatergic transmission actipathway was required for Aplysia LTF, our results indicate that regulation of the classical import pathway vates NMDA receptors, leading to local calcium influx known to underlie LTP. We demonstrated that the speplays a crucial role in the transport of signals to the nucleus required for long-lasting forms of plasticity.
cific trigger for nuclear import was glutamatergic stimulation of NMDA receptors. We further showed that a The specific stimuli that triggered nuclear import are have also reported that the sustained CREB phosphorythat the nuclear export pathway was not persistently blocked.
lation by MAP kinase, but not the rapid CREB phosphorylation by CaM kinase, is blocked by microinjection of It is interesting to find importin nuclear transport carriers in PSD fractions, since this not only suggests that wheat germ agglutinin, which is known to block active nuclear import without affecting passive diffusion. This importins are well localized to recognize synaptically activated signaling molecules and transport them to the slower response to synaptic stimulation would also serve to lengthen the time of response to a stimulus. nucleus, but also raises the possibility that importin ␣ may be tethered at the synapse through its interaction Thus, if a stimulus were sufficient to activate the nuclear import pathway, it would initiate a process persisting with the PSD. A precedent for such an interaction has been shown in hepatocytes, where importin ␣2 binds beyond the half-life of the stimulus itself. Identification of importin cargoes will be of central the glucose transporter via its cytoplasmic tail and is released upon glucose transport, whereupon it transloimportance to understanding the mechanisms underlying transcription-dependent plasticity. In nonneuronal cates to the nucleus carrying cargoes that activate the expression of glucose-sensitive genes (Guillemain et al., cells, different importin isoforms have been shown to interact with distinct cargo (Kohler et al., 1999 ). There-2002). Were neuronal importin tethered to the PSD either directly or indirectly via an association with a receptor fore, a full investigation of additional importin isoforms and their stimulus-dependent localization may reveal or ion channel, it could be released upon stimulation to bind soluble cargoes at the synapse and transport them mechanisms that enable neurons to distinguish between discrete synaptic stimuli in order to initiate appropriate to the nucleus.
The stimulus-dependent nuclear accumulation that gene expression responses. The finding that importin nuclear transport carriers are present in both axons and we observed was consistently accompanied by a decrease in the amount of importin in the dendritic cytodendrites suggests that they may play a role in multiple cellular processes. Neuronal importins have been preplasm, so importins do indeed appear to travel from distal sites into the nucleus. It is interesting that the viously reported to mediate retrograde signaling in response to axonal injury (Hanz et al., 2003) . We have peak of nuclear accumulation is reached at 30 min in both Aplysia and hippocampal neurons, because transdemonstrated that active nuclear import plays a crucial role during learning-related synaptic plasticity. It is likely location over the short distance from the somatic cytoplasm into the nucleus would be expected to occur that importin-mediated signaling is involved in other transcription-dependent processes that are initiated by more rapidly. In nonneuronal cells, for example, nuclear import has been observed within 2 to 10 min of extracelsynaptic events. Elucidation of the classical nuclear import pathway in neurons will provide important insight lular stimulation (Cassany et al., 2004; Schuringa et al.,  2001) . Thus, the late peak of nuclear import is consistent into the cell biological mechanisms whereby signals generated at the synapse are targeted and transported with a contribution of importins traveling from distal processes using fast retrograde transport mechanisms, to the nucleus.
Experimental Procedures Rodent Hippocampal Cultures
Primary cultured hippocampal neurons were prepared from P0-P1 Black 6 mouse or Sprague-Dawley rat pups. The CA1 and CA3 Aplysia Cell Culture, Electrophysiology, and Microinjection Culture dishes and media were prepared as previously described regions were isolated, enzymatically digested, and plated onto glass coverslips precoated with 1 slices. Slices were fixed after 30 min and prepared for immunostaining. Control slices consisted of untreated slices from the same animal that were perfused with ACSF for matched time periods. Antibodies Polyclonal anti-Aplysia importin ␣3 antibody was raised in rabbits immunized with a GST fusion protein containing the first 300 amino Immunostaining Hippocampal cultures were fixed at room temperature for 10 min acids of the N terminus of ApImp␣3. Immunization of the antibodies and affinity purification of the antibody generated against the fusion in 4% paraformaldehyde (PFA). Cells were then permeabilized for 5 min with 0.1% Triton X-100. Hippocampal slices were fixed for protein were done by Proteintech (Chicago, IL). Whole sera containing rabbit polyclonal antibodies against mouse importin ␣1 1 hr in 4% PFA and permeabilized for 1 hr with 0.5% Triton X-100. Aplysia neurons were fixed for 10 min in 4% PFA with 30% sucrose (mSrp1) and importin ␣2 (mPendulin) were kind gifts from Marion Waterman, UC Irvine, CA. The raw sera were purified on protein G and permeabilized 0.3% Triton X-100 for 10 min. Free aldehyde groups were quenched with 50 mM NH 4 Cl for 10-20 min, and noncolumns (Pierce Chemicals). Monoclonal anti-importin ␤1 and anti-PSD95 antibodies were from Affinity BioReagents (Golden, CO), specific antibody binding was blocked by incubation in 10% goat serum for 30-60 min at room temperature. Cells were incubated and anti-VAMP was from Synaptic Systems (Gottingen, Germany). Polyclonal anti-synaptophysin and anti-MAP2 were from Chemicon with primary antibodies in 10% goat serum for 1-3 hr at room temperature or overnight at 4ЊC (10 g/ml importin ␣1, 15 g/ml importin (Temecula, CA). Monoclonal anti-MAP2 antibodies were from Sigma (clone HM-2).
␣2, 1 g/ml ApImp␣3, 1:500 importin ␤1, 1:500 PSD-95, 1:1000 MAP2 
